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Besides the SM-like Higgs boson h, the left–right twin Higgs(LRTH) model predicts the existence of the
neutral pseudoscalar boson φ0. In this Letter, we study the pair production of the pseudoscalar boson
φ0 and SM-like Higgs bosons h at the International Linear Collider (ILC). We ﬁnd that the production
cross section of the process e+e− → hφ0 are at the level of 10−1 fb with reasonable parameter values,
However, the resonance production cross section can be signiﬁcantly enhanced, which can reach several
hundreds fb. In some favorable case (for example, small values of f and mφ0 ), the SM backgrounds are
nowhere an issue by applying suitable cut on the bb¯ invariant mass spectrum. The ILC provides an idea
environment for discovering the pseudoscalar boson and measuring its properties.
© 2011 Elsevier B.V. Open access under CC BY license.1. Introduction
Despite all its success against precision tests so far, the stan-
dard model (SM) is widely considered as the low-energy effective
approximation of a fundamental theory. Most extensions of the SM
require the introduction of extended Higgs sector to the theory.
Many models of new physics beyond the SM predict the existence
of neutral or charged scalar particles. These new particles might
produce observable signatures in the current or future high energy
experiments different from the case of the SM Higgs boson. Any
visible signal from the new scalar particles will be evidence of new
physics beyond the SM. So far, many works have been contributed
to studies of the neutral Higgs boson pair production at the high
energy collider in the model independent [1], in the SM [2], and in
many new physics models, such as little Higgs models [3], super-
symmetric models [4], top condensation models [5] and models of
universal extra dimensions [6].
The twin Higgs mechanism has been proposed as a solution
to the little hierarchy problem [7–9]. The twin Higgs mechanism
can be implemented in left–right models with the discrete sym-
metry being identiﬁed with left–right symmetry [8]. The left–
right twin Higgs (LRTH) model contains U (4)1 × U (4)2 global
symmetry as well as SU(2)L × SU(2)R × U (1)B−L gauge symme-
try. The global U (4)1(U (4)2) symmetry is spontaneously broken
down to its subgroup U (3)1(U (3)2) with non-zero vacuum expec-
tation values (VEV) as 〈H〉 = (0,0,0, f ) and 〈Hˆ〉 = (0,0,0, fˆ ). The
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The phenomenology of the LRTH model has been widely studied
[10–14].
In many cases, the International Linear Collider (ILC) can sig-
niﬁcantly improve the LHC measurements [15]. If a Higgs boson is
discovered, it will be crucial to determine its couplings with high
accuracy, to understand the so-called mechanism of electroweak
symmetry breaking. In the SM, the cross section of pair produc-
tion of the Higgs boson at the ILC which proceeds via the t- and
u-channel exchanges of the electron at tree level, is suppressed
by powers of (me/mW )2. It has been shown that the one loop
contributions to the process e+e− → hh is larger than the tree
level one, but is also rather small [16]. However, some of new
physics models might enhance the cross section in the ILC [17,
18]. In addition to the SM-like Higgs boson h, the LRTH model
predicts one neutral Higgs boson φ0 which is a pseudoscalar. The
light neutral Higgs boson φ0 decays dominantly into bb¯ and gg ,
which has been studied in Ref. [19]. At LHC, the huge QCD back-
grounds make it essentially impossible to discover the signatures
qq¯(gg) → hφ0 → bb¯bb¯ (or bb¯gg). The decay h → WW is domi-
nant for mh > 150 GeV, and the decay h → Z Z is subdominant
for mh > 160 GeV. Here the largest mode bb¯WW from the decays
h → WW and φ0 → bb¯ has huge background qq¯ → tt¯ → bb¯WW ,
so the mode is also not optimistic [20]. The leptonic ﬁnal states
from Higgs decay might make this channel useful for φ0 discovery.
However, the ILC will open an ideal window to detect the pseu-
doscalar boson φ0 and study its properties. Thus, in this Letter, we
will perform a comprehensive study for the neutral Higgs boson
pair hφ0 production at ILC.
158 Y.-B. Liu / Physics Letters B 698 (2011) 157–161Fig. 1. Typical values for the neutral pseudoscalar mass as a function of the symme-
try breaking scales f for different values of the mass parameter μr .
This Letter is organized as follows. In Section 2, we give a
brieﬂy review of the LRTH model, and then give the relevant cou-
plings which are related to our calculation. Sections 3 is devoted to
the computation of the production cross sections of the processes
e+e− → hφ0. Some phenomenological analysis are also included in
this section. The conclusions are given in Section 4.
2. Left–right twin Higgs model
The details of the LRTH model as well as the particle spectrum,
Feynman rules, and some phenomenology analysis have been stud-
ied in Ref. [10]. In this section we will brieﬂy review the essential
features of the LRTH model and focusing on particle content and
the couplings relevant to our computation.
In LRTH model, the global symmetry is U (4)1 × U (4)2 with a
locally gauged SU(2)L × SU(2)R × U (1)B−L subgroup. Two Higgs
ﬁelds, H and Hˆ , are introduced and each transforms as (4,1) and
(1,4) respectively under the global symmetry. They are written as
H =
(
HL
HR
)
, Hˆ =
(
Hˆ L
Hˆ R
)
, (1)
where HL,R and Hˆ L,R are two component objects which are
charged under SU(2)L × SU(2)R × U (1)B−L . After the re-parametri-
zation of the ﬁelds, there are one neutral pseudoscalar φ0, a pair of
charged scalar φ± , the SM-like Higgs boson h, and a SU(2)L dou-
blet hˆ = (hˆ+1 , hˆ02).
In the LRTH model, the masses of the heavy gauge bosons can
be written as [10]:
m2WH =
1
2
g22
(
fˆ 2 + f 2 cos2 x), (2)
m2ZH =
g21 + g22
g22
(
m2WH +m2W
)−m2Z , (3)
where x = v/(√2 f ) and v is the electroweak scale, the values of
f and fˆ are interconnected once we set v = 246 GeV. g1 and g2
are the gauge coupling constants of the U (1)B−L and SU(2)L,R , re-
spectively, which can be written as:
g1 = e√ , g2 = e . (4)
cos2θW SWFig. 2. Upper bounds on [gZ Zh/gSMZ Zh]2 × Br(h → bb¯) established by the LEP Collab-
orations, and the corresponding values in the LRTH model for mφ0 = 50 GeV.
Table 1
The decay branching ratio ZH → hφ0 and the parameters used in this Letter in the
LRTH model for M = 150 GeV, mh =mφ0 = 120 GeV.
f (GeV) 500 600 700
mZH (GeV) 1294 1662 2030
Γ (ZH ) (GeV) 26.9 35.1 44.6
BR(ZH → hφ0) 0.53% 0.37% 0.28%
Where SW = sin θW and θW is the Weinberg angle. At the leading
order, the two-body decay channels of the neutral gauge boson ZH
mainly contain ZH → f f¯ , where f is any of the SM quarks or
leptons [10,21].
The neutral Higgs boson φ0 get mass from both the soft left–
right symmetry breaking μ term and the one-loop radiative cor-
rection, which can be written as [10]
m2
φ0
= μ
2
r
( fˆ 2 + f 2 cos2 x) f fˆ
[
fˆ 2(cos x+ sin xx (3+ x2))
f 2(cos x+ sin xx )2
+ 2cos x+ f
2 cos2 x(1+ cos x)
2 fˆ 2
]
. (5)
The value of μr cannot be too large, since otherwise the ﬁne-
tuning of the SM-like Higgs boson mass becomes severe. In our
analysis, we pick μr to be small, as the current experimental
bound on the mass of φ0 is fairly weak. As shown in Fig. 1, for
μr < 30 GeV, the mass of mφ0 is smaller than 70 GeV.
It has been shown [22,23] that, the Higgs boson can dominantly
decay into a pair of pseudoscalar boson in the case mh > 2mφ0 .
Thus, one may expect that the LEP bound on the Higgs mass
can be loosened to some extent. The four LEP Collaborations [24]
searched for the Higgs boson via e+e− → Zh → (l+l−,qq¯, νν¯)+bb¯.
Here the main decay mode of the SM Higgs boson in bb¯ domi-
nates the width of the Higgs boson for most of the mass range.
The mass bound on the SM Higgs boson is 114.4 GeV [24]. In
the LRTH model, one anticipates that the LEP bound on mh would
be reduced, because of (i) sizable decay rate of h → φ0φ0 such
that Br(h → bb¯) is substantially reduced as shown in Ref. [23],
and (ii) the reduced coupling gZ Zh in the LRTH model [10]. In
Fig. 2, we present the prediction of [gZ Zh/gSMZ Zh]2 × Br(h → bb¯) for
mφ0 = 50 GeV and compare to the 95% C.L. upper limit obtained
by the LEP Collaborations. We ﬁnd that the f = 1500 GeV case is
safe because the minimum value of mh predicted is already above
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√
s for
mφ0 = 120 GeV and various values of f .
Fig. 4. The production cross section σ versus f a function of the parameter for
mh =mφ0 = 120 GeV and
√
s = 0.5 TeV, 1.0 TeV, respectively. The upper and lower
horizontal lines correspond to the SM production cross section for mh = 120 GeV
and
√
s = 0.5 TeV, 1.0 TeV, respectively [16].
114 GeV. For f = 500(700) GeV, however, the Higgs boson mass
bound is restricted by the data: mh > 111.8(113.5) GeV.
The couplings expression forms which are related to our calcu-
lation, are given as [10]:
ZHe
+e−: eγμ
[
2S2W PL +
(
1− 7C22W
)
P R
]
/(4CW SW C2W ); (6)
hφ0Zμ: iexp3μ/(6CW SW ); (7)
hφ0ZHμ : iex
[(
14− 17S2W
)
p2μ −
(
4− S2W
)
p1μ
]
/(18CW SW C2W ) (8)
where PL,R = (1 ∓ γ5)/2 and C2W = √cos2θW . p1, p2, and p3
refer to the incoming momentum of the ﬁrst, second, and third
particle, respectively. In the following sections, we implement all
relevant vertices in the CalcHEP [25].
One can see that the neutral heavy gauge boson ZH can also
decay into hφ0, but has smaller branching ratio. In Table 1, we list
the decay branching ratios of ZH → hφ0 and the parameters used
in this Letter in the LRTH model for M = 150 GeV. Here M is the
top quark vector singlet mass mixing parameter [10].Fig. 5. The production cross section σ versus mφ0 for
√
s = 500 GeV, f = 500 GeV
and two values of Higgs boson mass mh = 120 GeV and 150 GeV, respectively. The
solid line denote the cross section of hh in the SM for mh = 120 GeV and √s =
500 GeV [16].
Fig. 6. The differential cross section in term of the cosine of the c.m. azimuthal
angle θ for
√
s = 1000 GeV and mφ0 = 120 GeV.
3. hφ0 production at the ILC
From Eq. (8) we can see that the coupling of hφ0Z has no con-
tribution to the process e+e− → hφ0. The neutral Higgs pair hφ0
is only produced from the s-channel exchange of the heavy gauge
boson ZH .
In the numerical calculation, we take the input parameters as
α = 1/128.8, mZ = 91.1876 GeV, and s2W = 0.2315 [26]. Consid-
ering the experimental constraints on the Higgs boson mass [24],
we take mh = 120 GeV. Except for these SM input parameters, the
production cross sections is dependent on the symmetry breaking
scale f and mφ0 . In our numerical estimation, we will assume that
the value of the free parameter f is allowed in the range 500 GeV–
1500 GeV. The mass of the neutral Higgs boson φ0 can be anything
below f , here we consider another possibility where the mass of
φ0 is in the range 50 GeV–200 GeV.
To show the inﬂuence of c.m. energy on the cross section σ , in
Fig. 3, we give the cross section plots as the function of
√
s with
ﬁxed mφ0 and three values of the parameter f . From Fig. 3, we
can see that the cross section σ can reach the order of 0.1 fb
160 Y.-B. Liu / Physics Letters B 698 (2011) 157–161Fig. 7. The cross section for hbb¯ production in the LRTH model for mh = 120 GeV and f = 500 GeV, 600 GeV, respectively. The solid line is the SM prediction. On the left is
mφ0 = 50 GeV, right is mφ0 = 120 GeV.for
√
s = 1000 GeV, which is larger than that in the SM (for
mh = 120 GeV and √s = 500 GeV, 1000 GeV, the cross section
is 0.0157 fb, 0.00964 fb, respectively [16]). Furthermore, the cross
section resonance emerges when the ZH mass MZH approaches
the c.m. energy
√
s (current experimental bound is about 963 GeV
from CDF [27] and 1023 GeV [28] from D0 at the Fermilab Teva-
tron). For f = 500 GeV, 600 GeV and 700 GeV, the cross section σ
can reach 952.6 fb, 461.7 fb and 147.6 fb, respectively.
In Fig. 4, we plot the production cross section σ as a function of
f for mh =mφ0 = 120 GeV and
√
s = 0.5 TeV, 1.0 TeV, respectively.
One can see from Fig. 4 that σ is very sensitive to the parameter f .
This is because the coupling of ZHhφ0 is suppressed by the factor
of (v2/2 f 2). On the other hand, we can see that the production
cross sections are larger than that in the SM only in the regions of
f < 750 GeV and f < 560 GeV for
√
s = 0.5 TeV, 1.0 TeV, respec-
tively.
In Fig. 5, we plot the cross section σ the process e+e− → hφ0
as a function of mφ0 for f = 500 GeV and two values of the
SM-like Higgs boson mass. The plots show that the cross sec-
tion σ decreases with mφ0 and mh increasing, due to phase space
suppression. In this case, the production rate is at the level of
10−2 fb, which is larger than that in the SM. For
√
s = 500 GeV
and 50 GeV  mφ0  200 GeV, the value of σ is in the range of
0.04 fb ∼ 0.085 fb. If we assume that the future ILC experiment
with
√
s = 500 GeV has a yearly integrated luminosity of 500 fb−1
[29], there will be several tens hφ0 events generated in the future
ILC experiment.
The angular distribution dσ/d cos θ is plotted in Fig. 6 as a func-
tion of the cosine of the c.m. azimuthal angle for
√
s = 1000 GeV
and mφ0 = 120 GeV. It is forward–backward symmetric, a conse-
quence of the two identical particles in the ﬁnal state, and follows
approximately the ∼ sin2 θ law.
For the low masses of the pseudoscalar, the dominant branch-
ing ratio of φ0 is bb¯ (about 55% for mφ0 = 120 GeV and f =
500 GeV [19]). The SM background is mainly Higgsstrahlung with
Z → bb¯ decay, which can be distinguished from the signal by
applying a cut to the bb¯ invariant mass. Fig. 7 shows the cross
section for the production of a Higgs boson in association with
a bb¯ pair, on the left for an extremely light φ0 with mφ0 =
50 GeV, on the right for mφ0 = 120 GeV. To extract the light
pseudoscalar we adopt a window between 30 GeV and 70 GeV
for mbb¯ . For the latter case one can cut out all bottom quark
pairs below 110 GeV to get rid of the Z background. For
√
s =1000 GeV, the production cross section can reach 1.48 fb, 0.15 fb
for f = 500 GeV and 600 GeV, respectively. In both cases a
few hundred fb−1 should suﬃce to observe hφ0 production in
that channel and thus establish the presence of the ZHhφ0 cou-
pling.
All the above discussions are for a small but sizable value
of M . For very small M ( 1 GeV, in particular, for M = 0),
the production cross section is larger than the nonzero M case
with the same value of f . This is because fˆ is smaller for
the M = 0 case, which leads to a smaller mass for the heavy
gauge boson ZH . However, our physical conclusions are un-
changed.
4. Conclusions
The LRTH model is a concrete realization of the twin Higgs
mechanism. This model predicts one neutral pseudoscalar bo-
son φ0, which might produce characteristic signatures at the fu-
ture ILC experiments. In this Letter, we discuss the pair pro-
duction of hφ0 at the ILC. Our studies show that the produc-
tion cross section can reach the level of a 10−1 fb with rea-
sonable parameter values. Furthermore, the resonance production
cross section can be signiﬁcantly enhanced, which can reach sev-
eral hundreds fb. Considering the dominant decay mode φ0 →
bb¯, the pseudoscalar boson φ0 is easily visible as a sharp peak
in the bb¯ invariant mass spectrum, whose width is completely
given by the detector resolution. With the high c.m. energy and
luminosity, the future ILC will open an ideal window to de-
tect the ZHhφ0 coupling and study its properties. We expect
that, in some favorable case(for example, small values of f and
mφ0 ), the pseudoscalar boson φ
0 should be observed in the fu-
ture ILC experiments. Furthermore, the process can also open a
unique window into the gauge-scalar boson interaction in the
LRTH model.
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